Introduction
Modern control strategies have prompted the use of the permanent magnet (PM) DC motor as the most efficient and economical actuator for high-performance motion control applications, including guided vehicles, factory automation, robotics, and milling. In these applications, precise position and speed/torque controls are required to perform the required tasks. The bandwidth of the closed loop varies linearly with the load inertia. Therefore, linear controllers, like a fixed-gain proportional plus integral (PI) controller, cannot keep the stability of the closed loop in the case of large inertia variations. However, linear controllers with improved versions are confirmed as the state-of-the-art and most trustable controllers; thus, these controllers have the most widespread applications in industry. Moreover, it has been verified that a combined use of feedforward plus feedback with a linear controller can significantly improve performance in motion control systems, where the feedforward term can eliminate the measurable disturbance effects that arise on the system output [1] .
On the other hand, the sliding mode control (SMC) considered in variable structure control is a widely known nonlinear, high-frequency switching feedback control approach. The main advantage of SMC consists of robustness to bounded plant parameter variations and external disturbances, as well, as the fact that SMC has an order reduction property that provides good dynamic response comparable to the behavior of first-order systems [2] [3] [4] . In the past decade, therefore, the sliding mode approach has increasingly found a place in the control of electric motor drives and power converters [5] [6] [7] and in many other applications, such as automotive and flight controls, robotics, space devices, and the control of chemical process [8] . However, undesired highfrequency oscillations on the system output that are caused by both high-magnitude control gain and nonideal switching action are the main obstacle in the implementation of SMC. This phenomenon, which is known as chattering, can, for example, wear out the mechanical actuators and increase the current ripple in the electrical system. Furthermore, chattering may also lead to instability in closed-loop control systems [9] .
Consequently, for the variable structure systems control community, the challenge has arisen to smooth the discontinuous control and reduce the chattering while preserving the main properties of the SMC [10] [11] [12] .
Reducing the switching control gain directly and/or using a smoothing filter are well-known methods that result in the weakening of the sliding mode and unsatisfactory control performance [13] . A significant number of studies proposed to smooth the discontinuous control were surveyed in [14] and the references therein, where the main concern was to achieve an optimal trade-off between the tracking precision and control bandwidth. However, these solutions are mostly theoretical, and the practical aspect of SMC is not considered much.
This paper aims to combine the advantages of the sliding mode approach with the feedforward torque compensation plus a proportional error feedback to improve the control accuracy and robustness. The proposed combined SMC law is derived by an alternative interpretation of the sliding mode equivalent control equation. The feedforward component combines back-electromotive force (EMF) and the disturbance that arises in the variation of load torque and mechanical parameters. The feedback signal includes the sum of the direct switching SMC plus the proportional error feedback signal. A well-known combined (or integrated) speed control strategy of DC motor drives proposed in [10] is considered as an adequate example to explore the properties of the proposed enhancement to SMC, and its performance is assessed in the operation of a motor drive system under 2 different load inertia. Moreover, a novel switching function, formed using the estimated acceleration, is also examined and compared with another switching function that uses nonideal differentiation of the estimated angular speed. The estimated speed is obtained using a unified sliding mode observer proposed in [10] and the load torque is estimated by the well-known disturbance observer proposed in [15] .
The proposed combined SMC has several advantages: rejection of the disturbances that arise in the closedloop path, considerable reduction of the control gain magnitude, better trajectory tracking in both the transient and steady-state conditions, cancellation of the filtering of the discontinuous control, and the minimization of chattering. These statements are verified by comparative simulations and experiments, which are carried out on a small-sized PM DC motor drive system. The hardware setup uses the recent rapid development of digital signal processor (DSP)-based rapid control prototyping (RCP) tools [16] , which make it easy to implement the advanced control strategies without hand code writing.
Problem statement
The sliding mode equivalent control is a well-known approach found by recognizing thatσ(x) = 0 is the necessary condition to make the state trajectory stay on the sliding surface, σ(x) = 0 [2] . The SMC design is completed in 2 steps by selecting a constructible switching function σ(x) and by synthesizing an adequate control law that can force the system state to reach the sliding surface in a finite time and maintain it there forever. However, the most distinguished ideal features of the SMC can arise when the frequency of the switching control is high, theoretically infinite. However, imperfections in the switching action limits the switching frequency and causes a nonideal sliding motion, where the trajectory remains close to the switching surface σ(x) = 0. The switching function is the main factor in the formation of the discontinuous control, which naturally changes depending on the sign of this function. Therefore, the system dynamics under sliding mode are governed by the switching function σ(x) and thus by the desired control law, which has to be designed such that the desired dynamics are obtained during sliding mode. A brief presentation of the equivalent control is provided in the following text.
Consider a system defined byẋ = Ax(t) + B(x)u; inserting this equation into the differentiation of the switching function σ(x) yields:
where the gradient matrix G = ∂σ ∂x corresponds to the slope of the selected sliding surface. In Eq. (1), the control that makesσ(x) = 0 is called the equivalent control, and by replacing u with u eq , it can be calculated from Eq. (1) as:
which is not such a control actually applied to the system input, but is rather an interpretation of a control that maintains a sliding motion on the sliding surface σ(x) = 0 [8] . A conventional direct switching form of SMC is usually given by:
where M is the control gain, being a nonzero scalar, and sign is well-known sign function defined as sign(σ(t)) = 1 for σ(x) > 0 and u =û eq + M sgn(σ 2 ) for σ(x) < 0.
The exact calculation of the equivalent control as given in Eq. (2) is possible if 2 constraints are satisfied, i.e. the matrix GB has to be invertible, and there must be no disturbance and no parameter variations in the controlled plant. Considering that most real systems have varying parameters, it is assumed that the equivalent control can be captured by passing the discontinuous control in Eq. (3) through a low-pass filter (LPF), i.e. Tu eq (t) +û eq (t) = u(t) [2] , whereû eq is the average value or estimation of the ideal continuous control corresponding to the equivalent control given in Eq. (2), and T is the time constant of the LPF used to capture the equivalent control. This approximation can be construed based on the fact that the equivalent control has to be naturally continuous and corresponds to the low-frequency component of the switching control given in Eq. (3). This construing can also be verified as inserting Eq. (2) into Eq. (1) implies the following:
If the sliding mode exits once, i.e. σ(x) = 0 andσ(x) = 0 , then the equivalent control becomes equal to the actual control u, and the sliding motion will be maintained on the sliding surface σ(x) = 0. However, with the use of the control in Eq. (3), a high magnitude of control gain is required to push the system state towards the sliding surface and start the desired sliding motion. Unfortunately, not only is the increase of the gain magnitude alone not enough to start a sliding motion, but it also increases the chattering magnitude. As stated previously, reducing the control gain directly or passing the discontinuous control in Eq. (3) through a LPF adversely affects the sliding mode existence. Based on this fact, a fast switching control signal passing through a LPF may exhibit the same behavior as a SMC with a boundary layer using a saturation function [17] .
On the other hand, in the case of DC motor drives with an H-bridge converter, a continuous control input is required for pulse-width modulation (PWM) signal generation. Therefore, the control law in Eq. (3) has to be passed through a LPF, but in this case, it provides an unsatisfactory tracking performance in the speed sensorless control of DC motor drives [18] . This finding necessitates enhancing the SMC law in Eq. (3) in an acceptable manner without losing its main properties.
Many strategies using SMC were proposed in order to improve the control performance and robustness to external disturbances and plant parameter variations for DC motor drives in [19] [20] [21] and the references therein.
A recent method relevant to the high-order (second-order) SMC approach and proposed for the cascaded control structure of DC motor drives was extensively studied in [22] and the references therein. The disadvantage of this method is the requirement of a high-resolution speed feedback device, which is expensive. In order to reduce the chattering, 2 different gain adaptation techniques proposed in [11] were adapted to current-controlled DC motor drives in [23] .
These adaptation techniques, however, were found to be unusable for the combined speed control of DC motor drives in this present study. Consequently, the present paper investigates the further enhancement of SMC with a reasonable assumption, where a combined SMC law is derived by an alternative interpretation of the equivalent control for speed sensorless control of PM DC motor drives.
Proposed speed controller

Plant model
The dynamic model of a PM DC motor can be described by the following well-known equations:
where u is the motor supply voltage; i is the rotor current; ω is the rotor angular speed; t L is the load torque; R and L are the resistance and inductance of the rotor winding, respectively; k e and k t are the back-EMF constant and motor torque constant, respectively; B is the viscous friction coefficient, which is usually neglected to simplify the model; and J(= J a + J L ) is the combined inertia of the rotor and load.
Switching function
A linear combination between the tracking error of the angular velocity and its derivative is a suitable and usual selection as the switching function for DC servo drive systems.
Here, e ω (= ω * − ω) andė ω (=ω * −ω) denote the speed tracking error and its differentiation, respectively. From a theoretical point of view, if the sliding mode exists, i.e. σ 1 (t) = 0 andσ 1 (t) = 0 , on the switching surface in Eq. (6) , then the asymptotic convergence of the state error (e ω (t) = e ω (0)e −t/c ) is guaranteed. On the other hand, considering the existence of the sliding mode c(ω * − ω) + (ω * −ω) = 0 implies the rotor current to be:
which can be derived by inserting the acceleration in Eq. (5b) into Eq. (6) , where the machine parameter B is neglected. This finding verifies that the switching function in Eq. (6) enables one to establish a combined speed/current control scheme for a DC motor, which is different than the conventional cascaded speed/current control schemes. Moreover, if the existence of sliding mode is guaranteed with the use of Eq. (6), then, at least theoretically, the drive system response becomes dependent on design parameter c only; thus, the controller robustness with respect to parameter variations in the electrical and mechanical subsystem will be improved.
In this idea as suggested in [10] , however, several practical issues should be considered in the implementation, e.g., the control law in Eq. (3) is unsatisfactory to push the system state towards the sliding surface; thus, an improved control law is required in the implementation [18] . On the other hand, the acceleration signal is required to establish the switching function in Eq. (6), and it is difficult to get it precisely from the direct measurement of the rotor angular speed due to the well-known exact differentiation problem [22] . In digital controlled systems, therefore, the acceleration of the rotor shaft can normally be calculated by nonideal numeric differentiation of the measured angular speed, which can be handled by an incremental encoder, or, alternatively, it can be calculated by a state observer. The angular speed measured by an optical encoder is usually passed through a LPF to suppress the undesired measurement noises, and then a nonideal differentiation can be performed by digital controllers.
In order to improve the control performance of DC motor drives, the modified control version proposed in [18] was given by u = M sign(s ω ) + G p e ω + k tω ) , where adding a proportional error feedback term arbitrary to the switching control together with the back-EMF provides better speed tracking performance with respect to both control laws, i.e. the conventional SMC in Eq. (3) and the well-known PI-based cascaded speed/current control. However, with the use of the conventional SMC in Eq. (3), the rotor current ripple is mandatorily acceptable. A further improvement of this control version is proposed in this study, which will be presented in the next section.
Combined speed controller
A combined speed control strategy, suggested in [10] , is considered for a further improved speed sensorless control of DC motor drive in this study. The speed tracking error and its derivative are evaluated as the state variables ω * − ω = e ω = x 1 andω * −ω =ė ω = x 2 , and then a linear combination between the angular speed tracking error and its derivative is defined as the desired switching surface for the drive system.
A controllable canonical state space model, which describes the tracking error dynamics in the closed-loop speed control system, is given by:ẋ
and using Eqs. (5a), (5b), and (7), Eq. (10) is derived as follows:
where
Jṫ L is imposed as the disturbance entering the closed-loop control path. In [10] , the disturbance f (t) is disregarded, expecting that it will be compensated by discontinuous control u = M sign(σ). However, it is a well-known fact that in real-life systems that operate under SMC, neglected dynamics in the closed loop may result in chattering, which was experimentally verified in [18] . Based on this finding, a further enhancement to SMC is aimed at in this paper considering an alternative interpretation of Eq. (11) . First, inserting Eq. (5a) into Eq. (10) yieldṡ
and inserting Eq. (5a) into Eq. (12) and then inserting Eq. (7) into the resulting equation giveṡ
Eq. (13) can then be rewritten asẋ
with f m (t) =ω
, considering the definition of the equivalent control, it can be derived by taking the time derivative of Eq. (8) and then equating it to 0.
Inserting both Eqs. (9) and (14) into Eq. (15) gives the following:
Supposing that the sliding mode σ 1 (t) = 0 is achieved imposes a validity of constraintẋ 1 = −cx 1 that can be derived from Eqs. (8) and (9), and then, equating Eq. (16) as 0 and solving it for u eq ( = u) gives:
where u eq is the exact equivalent control, which is difficult to calculate as given in Eq. (17) due to imperfect knowledge of the system parameters. Therefore, equivalent control in Eq. (17) can be modified as:
where the first term, G p (ω * − ω), can be interpreted as a proportional error feedback denoted by u f b with the
, and the last term can be considered as the feedforward control, u f f , which is interpreted as the sum of the disturbance and back-EMF, i.e. u f f =d(t) + k e ω , where the disturbance that arises in the closed-loop path is given byd(t) =
In Eq. (18),û eq denotes the best estimate of the exact equivalent control given in Eq. (17) , where the load torque t L is normally unknown in most cases. Thus, in Eq. (18), the estimated load torquet L and its derivative are used instead of their real values. However, variation of the motor parameters is disregarded in this study. The estimated load torque is obtained using a disturbance observer proposed in [15] . A brief structural explanation of this observer will be given in a further section.
As stated above, the representation of the equivalent control as given in Eq. (18) leads to finding a novel combined control law. The equivalent control in Eq. (18) is a continuous control signal corresponding to the average value of the discontinuous control in Eq. (3) when a sliding motion exists on the sliding surface σ 1 (t) = 0 . However, the existence of the sliding mode σ 1 (t) = 0 is not guaranteed. Hence, a desired control can be obtained by the Lyapunov approach to attempt to ensure that the state trajectory reaches the sliding surface in a finite time and remains there forever. To this end, inserting Eq. (18) into Eq. (16) yields the following:
where it can be easily seen that the equivalent control converges to the desired control (u eq → u) if the sliding mode exits, σ 1 → 0 andσ 1 → 0. According to the Lyapunov stability criteria, this can be ensured by satisfying the reaching condition σ 1σ1 < 0, which imposesσ 1 = −N sgn(σ 1 ), where N is a positive scalar constant selected by a designer. Now, solving Eq. (19) for u yields a novel control law denoted as u 1 :
with η = N JL kt . Moreover, in this study, a modified version of the sliding variable is also proposed. This can be derived by inserting the acceleration in Eq. (5b) into Eq. (6):
One significant advantage of using this switching function is that it cancels out the requirement of the differentiation of the angular speed to get the acceleration signal, which is normally problematic, especially when the speed trajectory includes some sudden sharp changes. Moreover, the estimated acceleration used in Eq. (21) acts as active inertia providing higher stiffness. Therefore, the reflection of the load torque in the feedback path can compensate for the disturbances caused by variation of the load, which can generate unacceptable motion errors. Consequently, considering the novel sliding function in Eq. (21) implies the modified control version to be:
It should be noted that in the case of speed sensorless control implementation, the measured angular speed ω used in Eqs. (21) and (22), as well as in the feedback loop, has to be replaced by its estimateω .
The control law in Eq. (22) is represented by a signal flow diagram in Figure 1 , where only the establishment of the sliding function σ 2 is considered. Choosing small values for the control gains η and G p reduces the chattering and cancels out the requirement for a LPF, which is generally needed for smoothing the discontinuous control switched with a high magnitude gain. Considering that the disturbance arising in the closed-loop path can be obtained by estimation, adding the estimated disturbance as a feedforward term together with a proportional error feedback to the switching control can improve the tracking accuracy and the robustness in respect to the variation of load torque. 
Observers
Sliding mode speed and current observer
In the case of DC motor drives, the unified sliding mode observer proposed in [10] is used in order to estimate both the rotor current and the angular speed. This observer's structure is briefly explained by considering its model, given as follows:
whereî is the estimated rotor current, e i =î − i is the current estimation error, and L 1 sgn(e i ) is a nonlinear term that is replaced with the back-EMF (k e × ω) in Eq. (5a) and corresponds to the observer's discontinuous control. L 1 > 0 is the observer control gain constant that serves a similar purpose, as in the well-known Luenberger observer. The observer in Eq. (22) requires the rotor measured current i and the control input u, which corresponds to the motor terminal voltage. In the implementation, the terminal voltage u is not easy to handle by measurement due to the presence of PWM modulated signals at the motor terminals. Thus, it is usually replaced by the control input in Eq. (20) or (22) . A control input is also used as the reference voltage vector required for the PWM signal generation. Moreover, the observer's control input, L 1 sgn(e i ), has to be passed through a LPF to extract the estimated speed denoted byω .
In general, the effectiveness of an observer is assessed by examining the estimation error dynamics, which can be obtained by subtracting Eq. (5a) from Eq. (23):
where the control input u 1 or u 2 is assumed to converge to the desired supply voltage applied to the rotor winding; thus, whenever the reaching condition e iėi < 0 occurs, a sliding motion starts on the sliding surface, e i = 0. To this end, gain L 1 must be selected to satisfy the inequality |k e ω| < L 1 , which implies the decaying of the current estimation error and its derivative to 0, i.e. e i → 0 andė i → 0 , in a finite time. The value of L 1 can be determined by a trial-and-error method in simulation.
The rotor angular speed can be extracted from Eq. (24) by averaging the discontinuous control of the observer, i.e. passing term L 1 sgn(e i ) through a LPF and then dividing it into machine constant k e (= k t ) , i.e.:
where (L 1 sgn(e i )) eq corresponds to the average value of the discontinuous observer's discontinuous control
A tunable digital first-order LPF is used for averaging the observer control, and the details regarding the implementation of this observer can be found in [18] .
Disturbance observer
The disturbance observer devoted to estimating the load torque is required for both purposes, i.e. to compensate for the disturbance that arises at the control loop and to establish the proposed sliding function σ 2 . The load torque is estimated using a well-known disturbance observer [15] , which can be structured in accordance with
Eq. (5b):
where parameter B is neglected again. It is also assumed that the disturbance arises from the variations of the load torque and the mechanical parameters. The differentiation task is usually performed using a first-order LPF. Thus, in order to calculate the disturbance torque, the measured current and angular speed of the rotor are processed in the model in Eq. (27). In the case of sensorless drives, the angular speed ω is replaced with its estimateω . The replacement of the differentiation task with a LPF forces the basic structure of the disturbance observer to bet
wheret L denotes the estimated disturbance torque and g is the corner frequency of the LPF. Issues regarding different implementations of this observer can be found in [21] .
Stability analysis
The stability of the overall system is hard to prove when the observers' models are taken into account; however, it can be verified by means of Lyapunov assumption that all of the estimated variables, such as the rotor speed, the rotor current, and the load torque, converge to their real values, as well as neglecting variation of the parameters. Based on this assumption, for example, considering the control law in Eq. (22), a Lyapunov-based stability analysis can be verified by satisfying the reaching condition σ 2σ2 < 0 that imposesσ 2 = −λsgn(σ 2 ). Now multiplying both sides ofσ 2 = −λsgn(σ 2 ) by σ 2 yields
Inserting Eq. (21) into Eq. (28) and then inserting Eq. (22) into the resulting equation gives:
whereû eq is assumed as the best estimate of the actual equivalent control u eq . The estimation error, therefore, is assumed to be bounded by some known function
which satisfies the desired stability condition.
Simulations
In this section, several comparative simulations are performed in order to explore the properties of the proposed control laws, u 1 and u 2 . In the simulations, the sliding functions in Eqs. (6) and (24) have to be modified for speed sensorless drives by replacing the measured angular speed ω with its estimateω . Next, modified versions of the sliding functions take the following forms, respectively:
where the estimated angular speed and its nonideal differentiation are directly utilized in Eq. (31) to establish sliding variable σ 1 , but the rotor current or its estimateî and estimated load torquet L are used in Eq. (32) to establish variable σ 2 . Consequently, these modifications force the proposed control versions u 1 and u 2 to be modified as follows:
where the estimated equivalent control is given byû eq = G p (ω * −ω) +d(t) + k eω . The modified control versions in Eqs. (33) and (34) are examined with regards to important issues such as chattering reduction, speed tracking accuracy, and estimation convergence. Moreover, performance comparisons are performed between the proposed control u 2 and an improved PI-based speed/current control, and between u 2 and a conventional SMC that has a high magnitude gain and also uses a LPF.
Using Simulink blocks, a flexible speed sensorless control scheme of the DC motor drive system is built, similar to the hardware system configuration described in a later section. However, the H-bridge power converter and the PWM modulator are assumed to be ideal so their models are not given in the simulation scheme. A time sampling of 200 µ s is used, and the same operation conditions are considered for all of the control versions. For example, the motor is operated imposing a reversal square-wave speed command with ω * = ± 200 rad/s under the same constant load torque. An on-line transition between the control versions can be achieved by activating software switches inserted into the control scheme. The machine name plates and parameters are listed in the Table below . Test 1: In order to explore the properties of sliding functions σ 1 and σ 2 , these functions are examined first by a conventional SMC, u = M sgn(σ) with a smoothing filter and a high magnitude gain M (=12). The corner frequency of the LPF used in the torque observer is determined as 80 rad/s by the trial-and-error method. The obtained results are shown comparatively in Figure 2a , where the speed tracking performance fails, and a high magnitude of chattering (oscillation) arises on the rotor current when σ 1 is used (between 0 and 1 s). In contrast, a significant improvement in the speed tracking performance is achieved when σ 2 is used (between 0 and 2 s), and the chattering magnitude appearing on the rotor current is reduced, as well. Moreover, the disturbance observer is also examined; for example, the convergence of the torque estimation, i.e.t L → t L , and a graph of the sliding function variables σ 1 and σ 2 are plotted in Figure 2b , respectively. It is easily seen that the proposed sliding function, σ 2 , is much smoother and has a lower magnitude with respect to σ 1 . This might be the reason why each controller provides a different response. Figure 3b . These components, respectively, are the back-EMF denoted by u be ; the estimated disturbanced(t); the discontinuous controls λsgn(σ 1 ) and λsgn(σ 2 ) , both of which are denoted by u sm ; and the proportional error feedback denoted by u f b , whose significance arises at the transients. In the next simulation, Test 2 is repeated in order to explore how the performances of both control versions, u 1 and u 2 , are affected when the disturbanced(t) is not injected. The obtained results are plotted in Figure 4 , where an unsatisfactory performance is obtained in the tracking and estimation of the speed with respect to the previous test result shown in Figure 3 , where injectingd(t) into each controller improves the trajectory tracking performance. Moreover, without injectingd(t) , the response of control u 1 is adversely affected more than that of control u 2 . This can be observed clearly in Figure 4 .
The next simulation is performed for a performance comparison between the proposed control version u 2 and the improved cascade PI current/speed control proposed in [21] . The relevant results are plotted in Figure 5 , where tracking of the rotor speed and current (top) and control signals u P I and u 2 (bottom) are shown in the left column and the magnified responses are shown in the right column. The superiority of the proposed controller u 2 with respect to the improved u P I controller arises with a faster response time, a better suppression in current ripple, and no overshoot, which can be observed in the right column in Figure 5 . These comparative results also verify the fact that with proper selection of the sliding function, the performance of the SMC can be improved.
In addition, several simulations are performed in order to explore the distinction between the controllers' robustness and the variation of the speed. Therefore, all 3 control versions mentioned above are examined for various speed ranges. First, the speed tracking performances of the controllers are examined under a constant load (0.02 Nm) operation mode for a low range of reversal speed with 30 rad/s, and the obtained results are plotted in Figure 6 . Comparing the results in Figures 6a and 6b verifies that both proposed control versions, u 1 and u 2 , provide lower speed ripple and lower current ripple with respect to improved u P I control. However, at this low range of speed, the improved u P I control exhibits a faster transient response. Moreover, the speed tracking performance is also examined under a constant load (0.02 Nm) operation mode with varying stepped speed ranges (starting at 0 and increasing step-by-step to 50 rad/s, 100 rad/s, and 300 rad/s). The relevant results with an enlargement of the transients' responses are plotted in Figure 7 . As mentioned above, in a sensorless drive, the improved u P I control version provides larger ripples and larger overshoot in the current and speed with respect to the proposed control versions u 1 and u 2 . This can be seen from comparing Figures 7a, 7b , and 7c, where the transient speed response time seems to be the same for all of the control versions. For the later simulations, the current traces, i.e. i andî in Figures 6 and 7 , are magnified at a multiplication of 10 for better observation.
Hardware setup and experiments
Hardware setup
The experimental setup, called the DSP-2 DC experimental system, is shown in Figure 8 . It consists of several hardware and software components [16] . These are a small-sized PM DC (ESCAP) motor (with a low-resolution encoder), a transistorized H-bridge power converter with a current and a voltage sensor, and a digital control board called DSP-2. The DSP-2 controller, based on the TI TMS320C32-60 core and FPGA Xilinx CS40-PQ240, can communicate with host PCs via a USB port with a serial RS-232 converter and has its own RCP tools based on MATLAB/Simulink and the Real-Time Workshop toolbox. Thus, the control algorithms can be easily programmed using the Simulink building blocks, and after the build-in process, the generated codes are executed in real time within the DSP-2 controller. In all of the experiments, a sampling period of 200 µ s is used to execute the control algorithm. The software 'Terminal' running on the host PC provides a graphical user interface for data visualization and parameter tuning while the system operates. In order to load the motor, 2 differently sized aluminum flywheels, a small one with inertia J 1 and a large one with J 2 , are used. The load variation is performed by exchanging these apparatuses consecutively, i.e. each flywheel is mounted on the rotor shaft manually when the relevant study is required.
The overall configuration of the proposed control scheme is illustrated in Figure 9 , where all of the requisite control algorithms in the relevant blocks are programmed using MATLAB/Simulink, and executed by the DSP-2 controller after the build-in process. In the control scheme, several software switches are employed in order to perform an easy transition without repeating the build-in process, e.g., s w1 enables altering the speed feedback signal between the estimated or measured one. Similarly, s w2 can alter control versions to activate consecutively. Hence, sensored and sensorless drives using the proposed control versions can be used optionally, making 1 or 0 the value on the pane of the parameter dialogue box shown on the DSP-2 terminal screen in Figure 8 . 
Experimental results
The performance of the sensored and sensorless SMC having a high magnitude gain was compared with the conventional PI speed/current controller in [18] . Therefore, in this section, several comparative experiments carried out on the DSP-2 experimental setup are presented in order to explore the distinction between the proposed control laws and the others mentioned above. In all of the experiments, the design parameters, i.e. c = 100, η = 0.5, and G p = 0.5, determined by trial-and-error method are used.
Experiment 1: The first comparison is considered between the hybrid control version proposed in [18] and the modified SMC version u 1 . The second comparison is considered between the improved PI controller proposed in [21] and the novel proposed control u 2 . These tests are carried out while a light load (flywheel with J 1 ) acts on the rotor shaft and a reversal square-wave reference speed ω * = 200 rad/s is used. The response of the high gain version SMC in [18] and u 1 is plotted in Figure 10a ; similarly, the response of the improved u P I and u 2 is plotted in Figure 10b . In this test, u 1 and u 2 are examined without injecting estimated disturbancê
d(t).
In this case, the obtained results verify that all of the control versions, u 1 , u 2 , and u P I , exhibit almost the same performance in terms of speed tracking accuracy while the light load acts on the rotor shaft. However, as can be seen in Figure 10a , proposed control laws u 1 and u 2 significantly reduce the magnitude of the current ripple (or chattering) in respect to the significantly reduced chattering that arises on the rotor current in respect to the control law proposed in [18] , where a high gain (M = 12) and proportional error feedback were used. It should be noted that in cascaded PI-based control schemes, the response time of the speed controller is determined by the reference current, which is normally limited to 1.5 times the nominal load current of the relevant motor. This is normally achieved by a limiter that is placed at the output of the speed controller. However, the combined SMC scheme has a single-loop control structure and the unlikely cascaded structure of the PI-based speed/current control scheme. Therefore, there is no mechanism that can limit the rotor current reference; thus, inherently, it can reach a value of twice its nominal value depending on the acceleration of the rotor shaft. Based on this, in the improved PI-controlled drive scheme, the reference current is limited intentionally by twice its nominal value to make sure that the operation constraints are the same for all of the compared control versions. Experiment 2: In order to explore the robustness of the proposed control laws with respect to the load variation, experiment 1 is repeated for the flywheel with inertia J 2 , which has a larger value with respect to J 1 . In this case, the obtained results regarding the rotor electromagnetic torque t e (= k t xi) and estimated load torquet L are shown in Figure 11a , where the graphics reflect the typical characteristics of the flywheel acting on the rotor shaft. The variation of sliding variables σ 1 and σ 2 with respect to time are also plotted in Figure 11b , which verifies that σ 2 has a smoother and lower magnitude waveform than that of σ 1 , which is also verified in the simulation.
Performance comparisons between the improved PI control u P I and the proposed control versions (u 1 and u 2 ) are also performed. The responses of the controllers to the current and speed trajectories are shown in Figure 12 , where each control input and associated components are given in the left column. Control versions u 1 and u 2 , are examined without injecting the disturbanced(t), and the obtained result is plotted in Figures  12a and 12b , respectively. The response of the improved u P I control version is shown in Figure 12c . All 3 controllers, u P I , u 1 , and u 2 , provide almost the same performance in the tracking of the speed and the current. Concerning these results, it can be noted that the feedback component u f b suppresses the speed tracking error at the transient instant for control versions u 1 and u 2 , and component u be compensates for the back-EMF effect depending on the angular speed variations for all of the control versions. However, from simulation results, it is expected that the response of control version u 2 will be improved by injecting disturbance signald(t). To verify this, control u 2 is examined by adding disturbanced(t), and the provided result is plotted in Figure 13a , where a better performance is obtained in the tracking of the current and the speed. In order to provide a better observation, a magnified response of the improved version u P I and the proposed control versions u 1 and u 2 is plotted in Figure 13b , where it can be clearly seen that injectinĝ d(t) into control u 2 improves the speed tracking at the transients and stabilizes the speed response in steady state, as well as improving the convergence of the speed estimation. Moreover, proposed control u 2 provides a slightly faster transient response in respect to other control versions u 1 and u P I , which can be seen in Figure  13b .
The variation of the load inertia (by exchanging the flywheels) is reflected as external disturbances and/or mechanical parameter uncertainties in the drive system. Thus, the above results explore the controllers' robustness to uncertainties caused by load variations. Moreover, all 3 control versions are examined for various speed ranges in order to explore the controllers' robustness to a variation of the speed under load operation using the flywheel with J 1 . First, the experiment is performed for a low-range reversal speed with 30 rad/s, and the obtained results are plotted in Figure 14 . Comparing the results shown in Figures 14a-14c verifies that both of the proposed control versions, u 1 and u 2 , exhibit better performance with respect to the improved u P I in speed tracking. The current ripples are almost the same for all of the control versions. However, u 2 receives a higher current at the transient instants at this low range of speed and u 2 exhibits a faster transient response with respect to u 1 and the improved u P I .
In addition, as done previously in Section 5, the speed tracking performance is also examined for varying stepped speed ranges (starting at 0 and increasing step-by-step to 50 rad/s, 100 rad/s, and 300 rad/s) and under a constant load ( J 1 ) operation. The relevant results are plotted in Figure 15 . In the sensorless drive, the improved u P I control version provides a larger overshoot in current and speed (see Figure 15a ) with respect to proposed control versions u 1 and u 2 (see Figures 15b and 15c) , where u 2 exhibits a better speed tracking performance at 50 rad/s. In Figure 15 , the currents are magnified at a multiplication of 10 for a better observation. 
Conclusion
An enhancement to SMC with an interpretation of the equivalent control as the sum of the feedforward and proportional error feedback was validated by simulations and DSP-based experiments for a modified speed sensorless control of PM DC motor drives. The proposed control law was examined for 2 different sliding function variables, σ 1 and σ 2 , and for 2 different load inertia, J 1 and J 2 , as well as for different speed ranges.
• The use of the sliding function σ 2 and the adding of the proportional error feedback into the control, with injecting the feedforward component as well as reducing the discontinuous control gain, provide more stabilized tracking of the rotor speed and current, improving the convergence of the speed estimate, as well.
• Moreover, significant chattering suppression and current ripple reduction were achieved by proposed controls u 1 and u 2 , without requiring a smoothing LPF. The reduction of the current ripple means the reduction of the torque pulsation in the motor drive control, which is a significant demand in industrial applications where a precise torque control is required and the load inertia varies from a very small value to a very large value (for example, paper machine winders). Thus, the proposed control version may be extended to large machine drives.
• Although the proposed SMC scheme uses a single-loop control structure and does not require any additional chattering reduction techniques or a LPF, it is very easy to regulate the rotor speed and current in a single loop, and the control performance is improved to some extent over that of the improved cascaded PI current/speed control scheme. However, in the combined single-loop controller, there is no mechanism to limit the rotor current, so it should be ensured that the rotor current is kept below the permitted maximum current rating during operation.
The unified sliding mode observer performance was also examined with respect to the variation of the load inertia, where the weakness of the observer occurs; thus, it necessitates that observer control gain L 1 be adapted to the load variation. Moreover, the convergence of the speed estimates fails at low speeds below 10 rad/s. This leads to the need for further study of the proposed control scheme improvement.
